Background: Bilirubin binding capacity (BBC) defines the dynamic relationship between an infant's level of unbound or "free" bilirubin and his/her ability to "tolerate" increasing bilirubin loads. BBC is not synonymous with albumin (Alb) levels because Alb binding of bilirubin is confounded by a variety of molecular, biologic, and metabolic factors. Methods: We utilized a novel modification of a previously developed hematofluorometric method to directly assay BBC in whole blood from preterm and term neonates and then combined these data with an archived database. Total bilirubin (TB) was also measured, and multiple regression modeling was used to determine whether BBC in combination with TB measurements can assess an infant's risk for developing bilirubininduced neurotoxicity. results: TB and BBC levels ranged from 0.7-22.8 to 6.3-47.5 mg/dl, respectively. Gestational age (GA) correlated with BBC (r = 0.54; P < 0.0002) with a slope of 0.93 mg/dl/wk by logistic regression. Our calculations demonstrate that recently recommended GA-modulated TB thresholds for phototherapy and exchange transfusion correspond to 45 and 67% saturation of our observed regression line, respectively. conclusion: We speculate that the spread of BBC levels around the regression line (±5.8 mg/dl) suggests that individualized BBC assays would provide a robust approach to gauge risk of bilirubin neurotoxicity compared with TB and GA.
B
ilirubin binding capacity (BBC) is a determinative measure of a neonate's ability to cope with an excessive bilirubin load (e.g., due to increased bilirubin production from hemolysis) that may be impacted by a variety of biologic factors, including disordered or insufficient bilirubin binding to albumin (Alb) (1, 2) . The long-standing belief that total serum/ plasma bilirubin (TB), by itself, does not reliably predict an infant's risk for developing bilirubin-induced neurological dysfunction (BIND) or kernicterus has been recently reconfirmed (2) (3) (4) (5) . The traditional reliance on the TB level alone as a clinical measure of both bilirubin exposure and risk for neurotoxicity may result in overuse of phototherapy or delayed phototherapy in cases where exposure risk is underestimated.
It is recommended to use risk factors, including prematurity, hemolysis, sepsis, acidosis, and hypoalbuminemia, to modulate assessment of risk of neurotoxicity at TB levels adjusted for age-in-hours (2, (6) (7) (8) . However, neither serum Alb levels nor the molar ratio of TB to Alb has been predictive of bilirubin neurotoxicity (4, (6) (7) (8) . BBC, when directly measured by various methods, is generally lower than that expected from the Alb level, especially in preterm and sick infants in whom the ratio of capacity to Alb is highly variable (9, 10 ). Thus, the Alb level is only a rough estimate of an infant's BBC. The neuroprotective role of serum Alb, the bilirubin transport protein, was demonstrated in vitro years ago (11) . Seminal demonstration that the antibiotic sulfisoxazole was the cause of acute bilirubin encephalopathy even at low TB values highlighted the insidious effects of compounds that can compete for the primary Alb-binding site for bilirubin and led to the development of assays for measuring reserve albumin binding capacity (RABC) (8, 12, 13) . However, none of these methods for RABC proved amenable for routine clinical use. While an assay of serum/plasma unbound or "free" bilirubin (UB) to predict the risk of BIND has been employed for many years by researchers (8) , it generally remains a research tool. The role of UB as a unique clinical biomarker of BIND has not been fully elucidated (2, 4, 8) . However, sufficient bench data has accumulated to suggest that dynamic UB is "buffered" by an infant's BBC (4). This dynamic relationship between the volatile UB and BBC that fluctuates with increasing bilirubin loads is analogous to rapidly changing carbon dioxide tension that is buffered by serum bicarbonate.
The direct measurement of BBC is feasible and amenable to routine use as has been reported on studies using hematofluorometry (13) (14) (15) (16) (17) . A hematofluorometric device has been recently modified for bedside, point-of-care application, and we investigated its clinical utility. In addition, we merged data from an archived database collected by the same methodology, from an earlier partially reported study (18) , in order to: (i) delineate the relationship between BBC and gestational age (GA); (ii) determine GA-specific normative values for BBC; and (iii) apply the GA-based consensus intervention thresholds for phototherapy and exchange transfusion (7), as per (i), RESULTS TB, BBC, and UB (calculated) were measured in 480 blood specimens from a total of 331 term and preterm infants, both healthy and sick. Two different versions of the hematofluorometric instrument were used for the three different cohorts and over a 35-y span. The intrinsic simplicity of the method and sample preparation and the identical protocol for calibration of the instruments provided part of the rationale to combine the data.
The relationship between BBC and GA (in completed weeks) is shown for the combined dataset in Figure 1 . The slope of the linear regression (r = 0.54) is 0.93 mg/dl/wk. The regression lines for the individual relationships of the three subcohorts, constrained to the same intercept as the regression line for the combined population, have nearly identical slopes (P = 0.52): Cleveland: 0.94 mg/dl/wk; Hangzhou: 0.92 mg/dl/ wk; and Stanford: 0.93 mg/dl/wk. On this basis, we rationalized the combining of the data from the three cohorts. While there is no a priori expectation of a linear relation of BBC and GA, no sensible functional fit to the data gives a better correlation coefficient than the linear function. Interpolations of the recent consensus recommendations for threshold values for phototherapy and exchange transfusion as a function of GA (7) fit lines corresponding to 45 and 67% of the BBC vs. GA regression line (Figure 1) .
The average BBC values for infants with and without respiratory distress syndrome (RDS) in the Cleveland cohort showed a significant fall (P < 0.002) in the BBC from infants with no RDS (N = 111), 25.5 ± 5.7 mg/dl, to those with mild RDS and treated with supplemental oxygen only (N = 20), 20.8 ± 4.8, and to those with severe RDS needing assisted ventilation (N = 27), 18.3 ± 5.9. However, the average GA also declined with the respiratory status: 34.6, 32.7, and 30.5 wk, respectively, making these BBC values consistent with the BBC vs.
GA line of Figure 1 . We also observed that the average BBCs for infants with (N = 24) and without (N = 71) septicemia in the Hangzhou cohort are statistically the same, 27.7 ± 3.7 and 27.1 ± 4.8 mg/dl, respectively.
Alb, BBC, and GA
Serum Alb and GA correlated linearly (r = 0.69; P < 0.002) for the combined cohorts with Alb increasing by 0.11 g/dl/wk. The ratio of BBC to Alb also increased with GA (r = 0.34; slope = 0.11 mg/g/wk). The average BBC/Alb ratios were 7.3 ± 0.9, 7.8 ± 1.0, and 8.1 ± 0.7 mg/g for the Cleveland, Stanford, and Hangzhou cohorts, respectively.
Serial BBC and Age From Birth
BBC data was collected daily for several days for some of the infants in the Cleveland cohort. The average daily BBC for Figure 1 . Correlation of bilirubin binding capacity (mg/dl) to gestational age (weeks). The regression line (solid) has a slope of 0.93 mg/dl/wk; r = 0.54; P < 0.001. The dashed and dotted lines, at 67 and 45% of the capacity line, represent best fit lines to the interpolated recommended serum/plasma total bilirubin (TB) threshold values for exchange transfusion and phototherapy (7), respectively. The circles represent data points. a small subgroup (N = 11) who were not transfused and for whom BBC were assayed from postnatal age 1-7 d was found to vary by <1 mg/dl: 20.9 ± 0.6 mg/dl.
A Novel Display of Binding Parameters
The parameters UB/TB and TB/BBC have been recommended indicators of binding status (see Discussion). Figure 2 shows plots of calculated values of UB/TB vs. TB/BBC (expressed as % saturation, i.e., 100 × (TB/BBC)) for different values of BBC in increments of 5 mg/dl. The values of UB were calculated from values TB and BBC assuming the predominance of the primary Alb-binding site. (For the calculations here, a single value of the Alb-bilirubin association constant of 10 8 l/mol was used. However, our measured clinical UB/TB ratios (see below) do reflect any difference in the effective binding constant because the value of BBC by hematofluorometry intrinsically reflects the binding constant.) DISCUSSION Our data reveals a maturational effect on both the Alb level and BBC for each week of GA. The increase in the Alb level of neonates with increasing GA observed in this study confirms two previous reports (9, 10) . The approximated mean GA-specific BBC in both of those studies are also in quantitative agreement with the observations reported here, e.g., BBC =13.5-17 and 17-22 mg/dl at 26 and 31 wk, respectively. The slopes of the reported regression lines for the otherwise healthy infants, about 1 mg/dl/wk, are about the same as observed here (0.93 mg/dl/wk). While there is no evident a priori reason for a linear relationship between BBC and GA, the linear correlation is high (r = 0.54), consistent with the previous reports. That the correlation is not as good as that of Alb with GA is consistent with the variation observed in the relationship of BBC with Alb. That the BBC/Alb ratio increases with GA (and with birth weight) also confirms previous reports (9, 10, 15) with the reason for this increase yet unexplained. A low Alb level and a high bilirubin/Alb ratio are recommended risk factors for BIND in recognition that binding status is a concern in the management of newborn jaundice (2, (6) (7) (8) . However, the variation in the BBC/Alb among infants has been pointed out as the reason for caution in the use of the Alb level and bilirubin/Alb molar ratio as quantitative indicators of binding status in BIND risk assessment (2, 4, (6) (7) (8) . Thus, a direct measure of BBC should be advantageous.
Risk of bilirubin neurotoxicity in the preterm infant has been attributed to both GA and concurrent illness. Reasons why prematurity increases risk for BIND include deficient BBC and the possibility that the less mature brain is more susceptible to bilirubin toxicity. In response to the need for more specific guidelines for therapy threshold for preterm infants in the United States, a group of recognized experts provided consensus-based recommendations for thresholds of TB at which phototherapy and exchange transfusion should be considered (7) . The recommended threshold values rise linearly with GA at about 1 mg/dl/wk. It is, therefore, of interest that the previously observed linear correlation of BBC with increasing GA (9,10) is confirmed in this study that includes very diverse cohorts. It is of further interest that the increase in BBC with GA (slope of the regression line) is about 1 mg/dl/wk, in concert with both previous observations (9,10) and the consensus recommendations (7) . Furthermore, the regression line BBC values at specific GAs are also in good agreement with the previous studies. The consensus-based TB thresholds for phototherapy and exchange transfusion are about 45 and 67%, respectively, of the BBC regression line.
The consistency of the BBC vs. GA data for our three cohorts as well as that from two previous reports (9,10) points to the regression line of Figure 1 as a reasonable, albeit early, definition of the normal values of BBC for GA.
How concurrent illnesses, such as RDS and sepsis, are risk factors for BIND (6-8) and how they can measurably increase the risk of bilirubin neurotoxicity has been subjective. It is shown in this study as well as in previous reports that the BBC is lower in sick compared with well babies (9, 10) . Lower mean BBCs is observed in the Cleveland cohort as the severity of RDS increases. However, the mean GA with increasing degree of RDS also decreases and can account entirely for the decrease in BBC. No significant differences were found in the mean BBC of the mostly term infants with and without sepsis in the Hangzhou cohort.
Assuming the GA-dependent consensus-based TB thresholds for intervention reflect the GA-dependent BBC and that the regression line of Figure 1 represents a reasonable, albeit preliminary, norm, it is instructive to compare the consensus thresholds with previously reported levels of UB indications of risk for BIND and bilirubin encephalopathy. Table 1 lists the values of UB for consideration of exchange transfusion (13,18) ). The other UB levels (peroxidase method) and their relations with clinical observations are taken from various reported studies and reviews (19) (20) (21) (22) (23) . Given the rapid acceleration of the increase of UB as TB approaches BBC (4) and the unknown agreement of the UB assays from different places, times, and infant populations, the uniformity of threshold UB levels in Table 1 is both remarkable and comforting. Taking UB ≥ 20 and TB/BBC ≥ 0.67 as indicative of high risk for BIND and bilirubin encephalopathy is consistent with the expert consensus TB thresholds by GA. While it would seem reasonable to utilize such individualized binding status data as the basis for initiating phototherapy and/or exchange transfusion, substituting such for existing guidelines is not warranted until further prospective studies relating binding status to outcome are performed. As pointed out by McDonagh and Maisels (24) , a renewed availability of hematofluorometry should facilitate such studies.
Ahlfors et al. (1, 4, 20) make the case that the UB/TB ratio, which reflects both the RABC and the binding affinity (UB/TB = 1/(K × RABC), should be a better indicator of risk for BIND than either UB or TB alone because the UB/TB should better reflect the extravascular bilirubin load. The UB/TB ratio is also indicative of the rate of rise of UB for an incremental rise in TB. Furthermore, Ahlfors et al. (1) presents the case that the TB/Alb ratio is better than TB alone as an indicator of risk and further points out that the TB/BBC ratio may be more appropriate since BBC and Alb are very often not equivalent especially in higher risk preterm infants. If it is possible to obtain both the TB and BBC and a calculated UB, as can be done by hematofluorometry, then one might consider expressing binding status based on both the UB/TB and TB/BBC ratios.
Plotting BBC and TB data in this way (Figure 2) provides a comprehensive view of the binding status, clearly showing that the change in UB as the TB rises is a sensitive function of the TB relative to the BBC. For example, for BBC = 10 mg/dl, increasing TB from 5 to 6 mg/dl brings UB from 10 to 15 nmol/l, while for BBC = 30, increasing TB from 15 to 16 mg/dl brings UB from 10 to only 11 nmol/l. While the TB/ BBC ratio reflects the fraction of the binding capacity unavailable, UB/TB reflects the absolute value of the reserve capacity. Taken together, these two views of the binding status underscore the key importance of the binding capacity and better reflect the extravascular bilirubin load. Figure 3 attempts to translate the UB/TB vs. TB/BBC plot to risk categories, with vertical lines placed at the TB/BBC values representing the GA-based consensus thresholds, 45 and 67%. As demarcators for UB/TB, horizontal lines are placed at UB/TB = 1.0 and 1.8, cutoff values reported by Ahlfors et al. (20) for findings of normal and abnormal auditory brainstem response, respectively. It is instructive to view the TB and BBC data for the study cohorts plotted as UB/TB vs. % saturation of binding. By inference, we provide labels denoting risk of BIND for regions of the plot defined by the demarcators discussed above. No outcome data was collected nor was systematic neurological testing, such as hearing or MRI examination, undertaken. We plan such in a follow-up study. More than 70% of the infants in this study eventually received phototherapy. That phototherapy may be significantly overprescribed is indicated by the large fraction of data points in the "Observe" region.
Understanding how the relative values of TB, BBC, and UB relate to the extravascular burden of bilirubin, and assuming that the greater risk for BIND in lower GA infants, as expressed in the consensus TB thresholds, is in major part related to lower BBC, it seems clear that having an accurate individualized BBC, in addition to TB, would aid in management decisions for jaundiced newborns. Without the BBC (or a direct measure of UB), it is difficult to adequately interpret, for example, a TB of, say 5 mg/dl, in a preterm neonate. That the BBC appears to be reasonably constant over the first week after birth (average expected rise of 1 mg/dl) further suggests that BBC can be used as an adjunct to guide clinical management. A major obstacle in preventing such use of binding data has been the lack of available and practical methodologies. Hematofluorometry may offer a solution since it provides TB, BBC, and a calculated UB, is exceptionally simple to use, requires no special reagents, uses <100 µl of blood, and does not require separation of serum and red blood cells. The methodology should be amenable to point-of-care use.
METHODS
This prospective observational multicenter study was conducted in the Newborn Nurseries of the Lucile Packard Children's Hospital (Stanford, CA) and The Children's Hospital of Zhejiang University School of Medicine (Hangzhou, China). In addition, these data were supplemented with unpublished archived data collected as an earlier observational research study. All infants were eligible for enrollment if they were managed exclusively in the neonatal intensive care unit after informed parental consent. The Institutional Research Review Boards from all institutions approved the clinical protocol.
Subjects and Patient Population
The current prospective study at Lucile Packard Children's Hospital at Stanford University enrolled 80 neonates who were born at or transferred to Stanford during 2012 to 2013. The term and preterm cohorts were enrolled randomly from hospitalized neonates following parental consent for collection of an additional 100 µl of blood (separate heparinized tube) at the time blood was drawn (heel stick) for routine bilirubin testing. Ninety-three term or near-term neonates that were transferred to or admitted to The Children's Hospital of Zhejiang University School of Medicine (Hangzhou, China) were also enrolled. A portion (200 µl) of the blood drawn by venipuncture as a routine practice at admission was transferred to a heparinized tube. The archived data was obtained with consent of the study's Principal Investigator, Dr Avroy A. Fanaroff, at the Rainbow Babies and Children's Hospital, Case Western Reserve University (Cleveland, OH). As part of routine bilirubin testing, heparinized whole blood specimens were drawn by heel stick or via umbilical catheter from 158 randomly identified infants during 1978 to 1979 (18) . The population included both term and preterm infants. The clinical status of the babies varied from otherwise healthy babies with jaundice to preterm infants with RDS. Infants with direct bilirubin values >1.5 mg/dl were excluded. A total 307 blood samples were obtained and tested by hematofluorometer assays. Clinical data was compiled from hospital records and were stored as paper research records. This database was converted to electronic records for this study and re-evaluated for complete and validated entries. Table 2 lists the demographics and a selection of patient characteristics.
BBC Determinations
Hematofluorometric assay of BBC relies on the physical property of bilirubin to fluoresce when it is bound to its primary site on Alb (17) .
It has been well demonstrated that addition of sufficient bilirubin, in a readily soluble form, to a blood sample produces a fluorescence signal indicative of the true BBC (13, 15, 16, 18) . Fluorescence from a blood sample without added bilirubin is indicative of the already present bilirubin bound to Alb (or TB). Hematofluorometry is "front-face" fluorometry required by the extreme absorbance of whole blood. The advantage of this method is that the sample, as a drop atop a glass slide, only needs to be thick enough to absorb all the exciting light and therefore independent of its volume. Thus, to have sufficient thickness of ~20 µm, only 20 µl of blood is required. The hematocrit or Hb content of the sample is measured in order to correct for the fluorescence intensity and to reference the TB and BBC values to the plasma volume.
The hematofluorometer is equipped with a stable internal fluorescence standard that maintains calibration. The hematofluorometers used at Stanford and Hangzhou were supplied by Aviv Biomedical (Lakewood NJ). The hematofluorometer used at Cleveland was provided by Bell Labs (Murray Hill, NJ). Instruments were calibrated using bilirubin-laden adult blood and employed the identical stable internal fluorescent reference material.
Hb and Serum Alb Determinations
Hematocrits for samples at Rainbow Babies Hospital were determined by centrifugation of blood in microhematocrit tubes. At both Stanford and Hangzhou, Hb was determined using a Hemocue 201 + Analyzer (Angelhohm, Sweden). At all three centers, serum Alb levels were determined using the standard bromocresol green colorimetric assay (25) .
UB Calculation
UB was calculated from hematofluorometer BBC and TB values using the law of mass action, UB = TB/(K × RABC), where K is the binding constant and RABC is the binding reserve (BBC − TB) (4, 13, 14) . UB calculated from hematofluorometry data has been shown previously (13,16) to track extremely well with UB determined using the peroxidase method. The value of K that coincides the two methods is between 0.7 × 10 8 and 1 × 10 8 l/mol.
Statistical Analyses
t-Tests, ANOVAs, and standard regression analyses were performed using Excel and deemed significant when P ≤ 0.05.
